Portrait of a Dark Horse: a Photometric and Spectroscopic Study of the
  Ultra-faint Milky Way Satellite Pegasus III by Kim, Dongwon et al.
Draft version October 10, 2016
Preprint typeset using LATEX style emulateapj v. 5/2/11
PORTRAIT OF A DARK HORSE: A PHOTOMETRIC AND SPECTROSCOPIC STUDY OF THE
ULTRA-FAINT MILKY WAY SATELLITE PEGASUS III
Dongwon Kim,1 Helmut Jerjen, 1 Marla Geha,2 Anirudh Chiti,3 Antonino P. Milone,1 Gary Da Costa,1 Dougal
Mackey,1 Anna Frebel 3, and Blair Conn 1
Draft version October 10, 2016
ABSTRACT
Pegasus III (Peg III) is one of the few known ultra-faint stellar systems in the outer halo of the Milky
Way. We present the results from a follow-up campaign with Magellan/IMACS and Keck/DEIMOS.
Deep stellar photometry down to r0 ≈ 25 mag at 50% completeness level has allowed accurate measure-
ments of its photometric and structural properties. The color-magnitude diagram of Peg III confirms
that the stellar system is well described by an old (& 12 Gyr) and metal-poor ([Fe/H]. −2.0 dex) stel-
lar population at a heliocentric distance of 215±12 kpc. The revised half-light radius rh = 53±14 pc,
ellipticity  = 0.38+0.22−0.38, and total luminosity MV = −3.4± 0.4 are in good agreement with the values
quoted in our previous paper. We further report on the spectroscopic identification of seven, possibly
eight member stars of Peg III. The Ca II triplet lines of the brightest member stars indicate that
Peg III contains stars with metallicity as low as [Fe/H]=−2.55 ± 0.15 dex. Peg III has a systemic
velocity of −222.9 ± 2.6 km s−1 and a velocity dispersion of 5.4+3.0−2.5 km s−1. The inferred dynamical
mass within the half-light radius is 1.4+3.0−1.1 × 106M and the mass-to-light ratio M/LV = 1470+5660−1240
M/L, providing further evidence that Peg III is a dwarf galaxy satellite. We find that Peg III and
another distant dwarf satellite Pisces II lie relatively close to each other (∆dspatial = 43± 19 kpc) and
share similar radial velocities in the Galactic standard-of-rest frame (∆vGSR = 12.3 ± 3.7 km s−1).
This suggests that they may share a common origin.
Subject headings: Local Group – Milky Way, satellites: individual: Pegasus III – Milky Way, satellites:
individual: Pisces II
1. INTRODUCTION
The census of satellite galaxies and star clusters asso-
ciated with the Milky Way (MW) has been continuously
updated for the last decade. Following the success of the
Sloan Digital Sky Survey (SDSS; York et al. 2000) ,which
revealed the presence of “ultra-faint” (MV > −5) MW
satellites (e.g. Willman et al. 2005; Zucker et al. 2006; Be-
lokurov et al. 2006; Irwin et al. 2007; Walsh et al. 2007;
Koposov et al. 2007; Balbinot et al. 2013; Kim & Jerjen
2015a), recent wide-field photometric surveys have been
instrumental in finding many more such systems in the
MW halo, and probing to increasingly faint levels (e.g.
Bechtol et al. 2015; Drlica-Wagner et al. 2015; Kim et al.
2015a; Kim & Jerjen 2015b; Kim et al. 2016; Koposov
et al. 2015a; Laevens et al. 2015a,b; Luque et al. 2016;
Martin et al. 2015; Torrealba et al. 2016a,b). A growing
number of the newly discovered MW satellites are filling
the gap between the classical dwarf galaxies and glob-
ular clusters in the size-luminosity plane, meaning that
it is increasingly difficult to classify these systems using
only these two parameters (Willman & Strader 2012).
Instead, the approach of determining their kinematics
or chemistry still remains valid as a main diagnostic for
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distinguishing the two types of stellar systems (e.g. see
discussions in Laevens et al. 2014; Belokurov et al. 2014;
Kirby et al. 2015a; Weisz et al. 2016; Voggel et al. 2016).
Spectroscopic follow-ups for the kinematic and chemical
properties are rapidly catching up with the discoveries of
the new satellites, but it is a technical challenge to study
more than a handful of member stars in these systems
due to their intrinsic low total luminosities and therefore
lack of bright red giant branch stars (Simon et al. 2015;
Walker et al. 2015, 2016; Koposov et al. 2015b; Kirby
et al. 2015b; Martin et al. 2015, 2016a,b; Ji et al. 2016;
Roederer et al. 2016).
Pegasus III (Peg III hereafter) is a MW satellite galaxy
originally found in the SDSS Data Release 10 photom-
etry (Ahn et al. 2014) by Kim et al. (2015b), who also
provided detection confirmation at the ∼ 10σ level based
on DECam photometry. The follow-up imaging with DE-
Cam further revealed the presence of six blue-horizontal-
branch (BHB) candidate stars. Their apparent magni-
tudes implied that Peg III is located at a heliocentric
distance of 205 ± 20 kpc in the outer region of the MW
halo. From the relatively shallow DECam photometry,
Peg III appeared to be elongated with a rather irregu-
lar stellar distribution possibly indicative of tidal distur-
bance. Deeper imaging was thus required to confirm its
true nature.
Peg III is a member of the small population of presently
known MW satellites in the distance range 130 kpc<
dGC < 250 kpc. It is also located close to another dis-
tant satellite, Pisces II (Psc II hereafter, d ∼ 180 kpc;
Belokurov et al. 2010). These two satellites seem to form
a physical pair with an angular separation of 8.5◦ on the
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2sky and a relatively small difference in line-of-sight dis-
tance of ∼ 30 kpc. Other close pairs of MW satellites
have been reported before – for example, Boo¨tes I (Be-
lokurov et al. 2006) and Boo¨tes II (Walsh et al. 2007),
Leo IV (Belokurov et al. 2007) and Leo V (Belokurov
et al. 2008), or Horologium I (Koposov et al. 2015a;
Bechtol et al. 2015) and Horologium II (Kim & Jerjen
2015b), leading to speculations about their companion-
ship or common origin. The most notable pair is Leo IV
- V, another pair of distant satellites (d > 150 kpc), for
which the systemic line-of-sight velocities differ only by
∼ 40 km s−1 (Simon & Geha 2007; Belokurov et al. 2008),
supporting the scenario that the pair might be gravita-
tionally bound as a “tumbling pair” (de Jong et al. 2010).
In this context, the discovery of another close pair of dis-
tant MW satellites naturally raises the question as to
whether their systemic velocities are also similar to each
other. To find an answer requires spectroscopic follow-up
to obtain their kinematic information.
We observed Peg III with Magellan/IMACS for deep
photometry and Keck/DEIMOS for spectroscopy in or-
der to firmly establish its luminosity and structural pa-
rameters, estimate its dynamic mass-to-light ratio and
investigate its possible association with Psc II.
2. PHOTOMETRY AND ASTROMETRY
We observed Peg III on 2015 July 22nd with the f/4
mode of the Inamori-Magellan Areal Camera & Spectro-
graph (IMACS) at the Magellan/Baade Telescope in the
g and r bands. Magellan/IMACS has eight 2k×4k CCDs
with a total field of view of 15.′4× 15.′4 and a pixel scale
of 0.′′2 pixel−1 (2× 2 binning).
We obtained a series of 17×600s dithered exposures in
g and 15×600s in r together with 20 bias frames, 10 dome
flats in each filter taken before the science exposures, and
7 sky flats for each filter taken at the end of our observing
night. During the observing run, the weather was clear
and seeing ranged from 0.′′8 to 1.′′2. We produced the
master bias and master flats using the zerocombine and
flatcombine tasks in IRAF, and then carried out bias
subtraction and flat fielding using the imarith task.
To find the astrometric solutions for the reduced sci-
ence images, we used SCAMP (Bertin 2006) and the
SDSS DR 10 photometry catalog 5. We then combined
the reduced images into our final image stacks using
SWARP (Bertin et al. 2002).
We performed point-spread function (PSF) pho-
tometry on the final image stacks using SEx-
tractor/PSFex (Bertin & Arnouts 1996; Bertin
2011). These software programs provide the
SPREAD MODEL parameter that allows morphological
star/galaxy separation, for which we set a threshold
|SPREAD MODEL| < 0.003 + SPREADERR MODEL (see e.g.
Desai et al. 2012; Koposov et al. 2015a). This selection
process was applied to the g band image stack, which has
a longer total integration time than the r band image
stack. After crossmatching the g and r catalogs using
STILTS (Taylor 2005) with a 1′′ tolerance, we converted
the instrumental magnitudes of the matched catalog into
the SDSS photometric system using unsaturated stars in
common with our DECam photometry catalog for Peg
III presented in Kim et al. (2015b), via bootstrap sam-
5 http://www.sdss3.org/dr10/
pling with 500 iterations and 3-sigma clipping. Finally,
we corrected the calibrated magnitudes for Galactic
extinction based on the reddening map by Schlegel et
al. (1998) and the correction coefficients from Schlafly
& Finkbeiner (2011). In the studied field of view, the
typical value of E(B-V) is ∼ 0.124.
We note that the magnitudes of seven objects in the
star catalog were replaced by average measurements from
two best-seeing individual exposures as they fell onto the
edges or corners of CCD chips in some individual expo-
sures and suffered the extra-widening of the PSF relative
to the typical full width half maximum (FWHM) in the
process of image stacking. Such stacking-induced degrad-
ing of the PSF at CCD chip boundaries becomes more
obvious when the individual exposures have a seeing dif-
ference as large as the pixel scale. We searched in our
sample for stars brighter than r0 = 23 mag that have
been affected by the phenomenon, and found seven ob-
jects including the stars #1 and #8 in our spectroscopy
sample (see Table 2). This effectively accounts to ∼ 2%
of all objects in that magnitude range6. The number of
such objects in the fainter magnitude range of r0 > 23
mag where a typical FWHM is not well defined are not
precisely determined. This phenomenon is, however, un-
likely to significantly affect the rest of our analysis as the
portion of the affected stars is small, the resulting mag-
nitude difference smaller than 0.1 mag, and the width
of the photometric filtering mask used in Section 3 suffi-
ciently wide to take the effect into account.
We also measured the completeness levels of our pho-
tometry as a function of color and magnitudes using ar-
tificial stars as described in Kim et al. (2016). At the
color (g − r)0 = 0.40, the 90% and 50% completeness
levels correspond to r0 = 22.65 and r0 = 24.92, respec-
tively.
3. SATELLITE DISTANCE AND STELLAR POPULATION
The distribution of stars in our IMACS photome-
try and corresponding color-magnitude diagram are pre-
sented in Figure 1, reaching ∼ 3 mag fainter than our
previous DECam photometry at the same S/N levels.
The stars within an elliptical radius of 2.′55, equivalent
to 3 half-light radii, of the center of Peg III are high-
lighted with black large dots. The stars outside the 3
half-light radii but within a circular radius of 2.′55 are
also highlighted with smaller black dots to take into ac-
count the large uncertainty of ellipticity derived in Sec-
tion 3. The large red and blue dots in Figure 1 represent
kinematically confirmed member and non-member stars
respectively (see Section 4 for more details).
We constrain the heliocentric distance of Peg III us-
ing the luminosity of its HB and the fiducial HB track
of a globular cluster. Since the absolute total luminosity
of Peg III was estimated to be −4.1 ± 0.5 in our previ-
ous work, the mean metallicity of the system is expected
6 We found the stars affected by the degrading of PSF in g or r
band by crossmatching catalogs from the stacked image and best-
seeing individual frames, and filtering the matched catalog with
the following criteria:
- fwhmindi < fwhmindi + 3σfwhm,indi
- fwhmstack > fwhmstack + 3σfwhm,stack
- |SPREAD MODELindi| < 0.003 + SPREADERR MODELindi
3Fig. 1.— Left panel: distribution of all objects classified as stars in a 10.′0× 10.′0 field centred on Peg III. Large black dots are the stars
within an ellptical radius of 2.′55, equivalent to 3 half-light radii, of the center of Peg III (red ellpse) whereas small dots the stars outside the
ellipse but within a circular-radial distance of 2.′55 (dashed circle). The red, blue and orange large dots represent the 12 stars for which we
obtained velocity measurements with Keck/DEIMOS, where red (blue) dots identify kinematic members (non-members). The small gray
dots are all the rest of stars from our IMACS photometry. The orange large dot is a star whose membership is ambiguous. Middle panel:
Magellan/IMACS CMD of the stars in the left panel. The symbols are the same as in the left panel. The two Dartmouth isochrones (Dotter
et al. 2008) of age 13.5 Gyr, [Fe/H]=−2.5 and [α/Fe]=+0.4 (solid) and of age 12 Gyr, [Fe/H]=−1.1 [α/Fe]=+0.2 (dashed) are overplotted
at a distance of 215 kpc. The HB fiducial track has been derived from Bernard et al. (2014) by using the observed CMD of the globular
cluster M 15 ([Fe/H]=−2.42). The blue and red polygons highlight the HB and AGB/RHB candidate stars of Peg III, respectively. Right
panel: radial velocity distribution of the 12 stars observed with Keck/DEIMOS. The colors are the same as in the left/middle panels. The
solid line illustrates the predicted distribution of MW stars from the Besancon model (Robin et al. 2003), within a radius of 5.′0, normalized
to the number of observed stars.
Fig. 2.— Background-subtracted Hess diagrams of Peg III within 2.′55 (dashed circle in the left panel of Figure 1). Overplotted are
Dartmouth isochrones at a distance modulus of 21.66 mag for different ages, metallicities, and α abundances.
to be as low as [Fe/H]∼ −2.5 according to the mass-
metallicity relation by Kirby et al. (2013). We note that
the recent metallicity measurements of the MW satellite
dwarf galaxies in the same luminosity range as Peg III,
for example Psc II (〈[Fe/H]〉=−2.45± 0.07; Kirby et al.
2015a) and Reticulum II (〈[Fe/H]〉=−2.65± 0.07; Simon
et al. 2015) are consistent with the mass-metallicity rela-
tion. Accordingly, we adopted the fiducial HB sequence
of M 15, one of the most metal-poor globular clusters
([Fe/H]=−2.42), from Bernard et al. (2014). We con-
verted the fiducial into the SDSS photometric system
with the help of transformation equations and coefficients
provided by Tonry et al. (2012). We took literature val-
ues of E(B−V)=0.11 and (m −M)0 = 15.25 (Kraft &
Ivans 2003) to obtain the reddening-corrected fiducial
HB sequence. We then expressed this fiducial HB se-
quence as a function of color (g − r)0 by means of a 5th
order polynomial regression, fit this function to the six
BHB candidate stars in the blue polygon in the middle
panel of Figure 1 with the least-squares method, and de-
rived a distance modulus of (m −M)0 = 21.66 ± 0.12.
For the uncertainty in the final estimate of the distance
modulus, we combined in quadrature the uncertainties
associated with our calibration to our DECam photom-
etry (< 0.01 mag), the adopted distance modulus of
M 15 (∼ 0.1 mag; Kraft & Ivans 2003), our fiducial
HB sequence fit (0.03 mag, determined by jackknife re-
sampling), and galactic reddening in the r band (< 0.01
mag). In addition, we took into account the systematic
uncertainty associated with the metallicity-luminosity re-
lation, for which our estimate is ∼ 0.05 mag.
In the middle panel, a Dartmouth isochrone (Dot-
ter et al. 2008) for age 13.5 Gyr, [Fe/H]=−2.5, and
[α/Fe]=+0.4 (solid curve), an isochrone from the same
set but for age 12 Gyr, [Fe/H]=−1.1, [α/Fe]=+0.2
(dashed curve), and the M 15 fiducial HB sequence are
4Fig. 3.— Convolved density contour map of Peg III candidate
stars that pass the photometric filter illustrated in the middle panel
of Figure 1. The density map was binned with a pixel size of 10.′′0
and smoothed with a Gaussian kernel with FWHM of 23.′′6. The
contours mark the levels of star density in units of the standard
deviation above the background (median value). The white dotted
ellipse represents 3 half-light radii of the center of Peg III. The left
and right arrows point to the nearby outer halo satellite Psc II and
the Galactic Center, respectively.
plotted on the CMD at a distance modulus of (m−M)0 =
21.66, or a heliocentric distance of 215 kpc. The three
kinematic member stars in the red polygon appear sys-
tematically brighter than the blue horizontal branch
(BHB) and bluer than the red giant branch (RGB). An
excess of such stars relative to the RGB has been noticed
in the CMD of the Hercules dwarf galaxy (e.g., Figure
2 in Sand et al. 2009) and the majority of them has
been identified as its asymptotic giant branch (AGB) or
red horizontal branch (RHB) population by photometric
and spectroscopic studies (e.g., Ade´n et al. 2009; Fab-
rizio et al. 2014). Most likely the three Peg III member
stars in the red polygon are AGB/RHB stars too. Three
of the other four kinematic members of Peg III are con-
sistent with the red giant branch (RGB) while the last
one, star#2, is almost 0.1 mag redder. That color dif-
ference cannot be explained by photometric uncertain-
ties alone. There are different factors that can cause a
color spread in the RGB, including dispersions in metal-
licity and carbon abundances. The metallicity of stars
in MW satellite dwarf galaxies with similar total lumi-
nosities to Peg III ranges largely from [Fe/H]=−3.5 up
to [Fe/H]=−1.0 dex (e.g., Ursa Major II; Vargas et al.
2013). The red star #2 of Peg III can be indeed fitted
with an isochrone for a higher metallicity of [Fe/H]=−1.1
(dashed curve in the middle panel) at the same distance
modulus. Carbon stars ([Ca/Fe] +1.0) in dwarf galax-
ies also tend to be redder than carbon-normal RGB stars
due to the Bond-Neff effect (Bond & Neff 1969), as shown
for instance in Figure 7 of Kirby et al. (2015c). The pos-
sibility of a metallicity and carbon spread among the Peg
III stars can be tested once the information on the chemi-
cal abundances of the individual stars becomes available.
The low signal-to-noise of our spectra does not permit a
detailed analysis for the chemical abundances of the in-
Fig. 4.— Upper panels: marginalized probability distrubtion
functions (PDFs) of the structural parameters of Peg III. Lower
panel: radial stellar density profile of Peg III. R is the elliptical
radius. Overplotted are the best exponential model based on the
parameters in Table 1 (dotted line), the contribution of foreground
stars (dashed line) and the combined fit (solid line). The error bars
were derived from Poisson statistics.
dividual targets.
We present a background-subtracted Hess diagram in
Figure 2, which allows us to qualitatively assess the stel-
lar population of Peg III by means of model isochrone
fitting for different properties. The Hess diagram was
constructed based on the CMD of all stars within the
radial distance of 2.′55 and subtracting a control CMD of
all stars in an equal area outside 4.′0. We overplot Dart-
mouth isochrones with different ages (8,10,12,13.5 Gyr)
and metallicities [F/H] values (-2.5, -2.0, -1.5 dex). The
[α/Fe] values for the isochrones are determined based on
the [Fe/H]-[α/Fe] relation from Vargas et al. (2013). The
distance modulus is fixed at 21.66 mag. The most no-
table difference among the isochrone fits is found in the
main-sequence turnoff region, where the isochrones for
metal poor ([Fe/H]. −2.0) and old (& 12 Gyr) stellar
populations appear to be most consistent. This suggests
that Peg III shares similar properties, i.e. low metal-
licities and old ages, of stellar populations with previ-
ously known ultra-faint MW satellite dwarf galaxies (e.g.,
Brown et al. 2014, and references therein).
4. STRUCTURAL PROPERTIES AND ABSOLUTE
LUMINOSITY
Figure 3 shows the convolved contour map of star den-
sity centred on Peg III made of stars that passed a
photometric filtering mask constructed from the Dart-
mouth isochrone for age 13.5 Gyr, [Fe/H]=−2.5, and
[α/Fe]=+0.4 and the M 15 HB fiducial line, as illus-
trated with a light-red shadow in Figure 1. The width
of the mask gradually increases in the faint regime to
5TABLE 1
Properties of Peg III
Parameter Value Unit
αJ2000 22 24 24.48 h m s
δJ2000 +05 24 18.0
◦ ′ ′′
l 69.8452 deg
b −41.8293 deg
(m−M)0 21.66± 0.12 mag
d 215± 12 kpc
rh 0.85± 0.22 ′
53± 14 pc
 0.38+0.22−0.38
θ 114+19−17 deg
MV −3.4± 0.4 mag
LV 1960± 720 L
〈v〉 −222.9± 2.6 km s−1
vGSR −67.6 km s−1
σv 5.4
+3.0
−2.5 km s
−1
M1/2 1.4
+3.0
−1.1 10
6M
M/LV 1470
+5660
−1240 M/L
take into account photometric uncertainties. The shape
of the outer isodensity lines still remains irregular in
the deep imaging data as previously seen in our DE-
Cam data (Kim et al. 2015b), which lends support to
the scenario that the observed irregularity reflects the
true structure, rather than being a consequence of the
limited depth of the previous photometry. Given such a
small population of stars in the system, however, assess-
ing the observed irregularity is always subject to small
number statistics (see e.g. Martin et al. 2008; Walsh et
al. 2008; Sand et al. 2010; Mun˜oz et al. 2012).
The central coordinates and structural parameters of
Peg III were derived using the Maximum Likelihood
(ML) routine as described in Kim et al. (2016) based
on Martin et al. (2008) using our IMACS photometry
catalog and the photometric filtering mask. The upper
panels of Figure 4 show marginalized PDFs for key struc-
tural parameters. In this analysis, Peg III remains ellip-
tical with  = 0.38+0.22−0.38 at a position angle of θ = 114
+19
−17,
but its half-light radius (rh = 53±14 pc) appears ∼ 32%
smaller than the previous estimate (rh = 78
+30
−24 pc; Kim
et al. 2015b). Nevertheless the two values are consistent
at the 1-sigma level. The radial density profile with the
best-fit exponential model based on the resulting values
is presented in the lower panel of Figure 4. We further
estimated the absolute luminosity of Peg III using the
Dartmouth luminosity function (LF) for age 13.5 Gyr,
[Fe/H]=−2.5 and [α/Fe]=+0.4 with the mass function
by Chabrier (2001) as follows. We first normalised the
theoretical LF and multiplied with the photometric com-
pleteness function derived in Section 2. We note that the
Dartmouth isochrone accounts for RGB and MS stars
but not AGB/HB sequences. We then integrated the
scaled LF in the magnitude range of r0 > 22.0 mag to
calculate the probability density for the number of de-
tected RGB/MS stars fainter than r0 = 22 mag in our
IMACS photometry. Accordingly, we repeated the ML
routine using the previous filtering mask but excluding
the AGB/HB sequences and the RGB sequence brighter
than r0 = 22.0 mag to estimate the number of RGB/MS
stars fainter than r0 = 22.0 mag that belong to the over-
density N with eq. (5) in Martin et al. (2008). The ratio
of the star count N to the probability density allowed us
to scale the normalised LF to the observed level. Inte-
grating the up-scaled LF estimates the integrated total
luminosity of RGB/MS stars in Peg III as Mr = −3.2+0.3−0.4
or MV = −3.0+0.3−0.4 by luminosity weighted mean color
V − r = 0.17 mag for the model LF. Finally, we calcu-
lated the flux of AGB/HB candidate stars in the red and
blue polygons presented in the middle panel of Figure 1
using the transformation equation by Jordi et al. (2006)
to convert their g and r magnitudes into V magnitudes.
Their contribution increased the total luminosity in the
V band by 0.4 mag and the uncertainty by 0.1 mag for
upper (fainter) limit and by less than 0.1 mag for lower
(brighter) limit. Therefore, we adopted MV = −3.4±0.4
as our final estimate for the total luminosity of Peg III.
All the new estimates for the parameters are consistent
with their previous estimates at the 1 − σ level. The
new values suggest that Peg III is somewhat smaller and
fainter than previously estimated (Kim et al. 2015b). All
resulting values presented in this and the next sections
are summarized in Table 1.
5. SPECTROSCOPY
The data were taken with the Keck II 10-m telescope
and the DEIMOS spectrograph (Faber et al. 2003). One
multislit mask was observed in Peg III on the night
of July 17th 2015. We selected 30 targets based on
their color-magnitude distribution and distances from
the center of the system using the DECam photometry
from Kim et al. (2015b). We assigned priorities to po-
tential RGB, AGB and HB stars selected to follow the
best-fitting isochrone to the CMD of Peg III in the DE-
Cam data. We used the 1200 line mm−1 grating that
covers a wavelength range 6400 − 9100A˚ at the spectral
resolution 1.37A˚ (FWHM, equivalent to 47 km s−1 at the
Ca II triplet). Slitlets were 0.′′7 wide. The total exposure
time was 2.5 hours.
We reduced the data using a modified version of the
DEIMOS spec2d software pipeline(Cooper et al. 2012;
Newman et al. 2013). We refer the reader to Simon &
Geha (2007) for a more detailed description of the radial
velocity measurement method. We measured the spectra
of 12 out of the 30 targets, and their median S/N per
pixel ranged from 1.4 to 7.0.
The membership of the sample stars was determined
based on radial velocity, position in the CMD and dis-
tance from the center of the dwarf galaxy. We identify
7 secure members shown in red in Figure 1. An eighth
member (shown in Figure 1 in orange) is 30 km s−1 away
from the systemic velocity, but also has very large veloc-
ity errors. This star has the colors of a horizontal branch
member star, and may be a RR Lyrae star. We do not
include this star in the calculations below.
The velocities for all the observed Peg III candidate
members are presented in Table 2. We note that the color
and magnitude of star #11 was taken from our previous
DECam photometry as its PSF on the IMACS images in
g band was considerably affected by a saturated object
nearby.
6. METALLICITY
Given the low S/N of the spectra, we attempted to
measure the spectra-averaged metallicity of the four
6TABLE 2
Keck/DEIMOS Target List
Object RA (J2000) Dec (J2000) (g − r)0 r0 v S/N Membership Photometry
(deg) (deg) (mag) (mag) (km s−1) (pixel−1)
1 336.17139 5.38661 0.47 22.28 −165.26± 5.78 1.89 N IMACS
2 336.10198 5.38908 0.77 21.39 −220.57± 4.71 5.04 Y IMACS
3 336.08657 5.39344 -0.08 22.05 −193.35± 22.92 1.43 ? IMACS
4 336.09530 5.39583 0.37 21.27 −234.68± 3.84 4.32 Y IMACS
5 336.11372 5.40772 0.49 20.88 −218.51± 3.64 7.00 Y IMACS
6 336.09952 5.41176 0.65 21.07 −226.16± 5.04 5.73 Y IMACS
7 336.11021 5.41590 0.53 20.94 −229.45± 5.29 6.56 Y IMACS
8 336.07514 5.41965 0.63 21.65 −208.45± 6.66 4.10 Y IMACS
9 336.09502 5.42197 0.58 21.94 −50.69± 6.94 2.72 N IMACS
10 336.10019 5.42418 0.68 21.07 −218.26± 3.56 6.37 Y IMACS
11 336.05841 5.43938 0.40 21.71 −260.11± 9.97 3.43 N DECam
12 336.05740 5.45859 0.42 20.83 −25.71± 3.06 6.13 N IMACS
brightest stars in our sample (#5,6,7,10) using the Ca II
triplet lines. The measured strength of the spectral lines
for RGB stars can be calibrated to metallicity [Fe/H]
based on the empirical relationship between the equiv-
alent width and the luminosity offset from the HB of
the system V0 − V0,HB (e.g., Starkenburg et al. 2010;
Da Costa 2016). The g0 and r0 magnitudes of the stars
were converted into V0 magnitudes using the (Jordi et
al. 2006) Pop II transformation equations. We calculated
the V0−V0,HB of the member stars based on the distance
moduli for Peg III and M 15 in Section 3, for which we as-
sumed the VHB for M 15 from Harris and E(B−V)=0.11
from Kraft & Ivans (2003). After smoothing the observed
spectra with a 5-pixel boxcar using splot command in
IRAF, we dealt with the spectra in two ways as follows.
First, we add them all together in order to increase the
S/N. The λ8542A˚ and λ8662A˚ Ca II line strengths were
then measured using the procedure described in Da Costa
(2016). The summed equivalent width
∑
W ≈ 2.34 A˚
and the average V0−V0,HB ≈ −0.63 mag give a reduced
equivalent width W ′ of 1.93 A˚. Applying the metallicity
calibration with Equation (2) in Da Costa (2016) yields
[Fe/H]=−2.40 dex with an uncertainty of order 0.15 dex.
We then added the spectra for the stars #6 and #10,
and for #5 and #7 together separately. Repeating the
above measurement process on these two spectra, we ob-
tained
∑
W ≈ 2.72 A˚ with average V0 − V0,HB ≈ −0.74
mag for the star #6 and #10, and
∑
W ≈ 1.99 A˚ with
average V0 − V0,HB ≈ −0.51 mag for the star #5 and
#7. These values transform into [Fe/H]=−2.24 dex and
[Fe/H]=−2.55 dex with uncertanties of order 0.15 dex,
respectively. At face value, this is inconsistent with
the CMD where the stars #6 and #10 appear ∼ 0.2
mag bluer than the stars #5 and #7 and so should
be more metal-poor. The stars #6 and #10 are, how-
ever, possibly AGB stars to which the calibration pro-
cess strictly may not apply. It must also be kept in
mind that the S/N of the summed spectra, even after
smoothing, remains low. Nevertheless, this result con-
firms that Peg III includes stars with metallicity as low
as [Fe/H]=−2.55± 0.15 dex.
7. KINEMATICS
In order to characterize the kinematics of Peg III, we
employed a simple “non-rotation” model based on the
method of Drukier et al. (1998). This method assumes
that the measured radial velocities have a Gaussian dis-
Fig. 5.— Upper panel: two-dimensional posterior probability
distribution for the mean velocity and velocity dispersion of Peg
III. Contours outline the 1σ− 3σ confidence levels.a Lower panels:
corresponding marginalized PDFs (solid curves). The PDFs for a
uniform prior on the velocity dispersion are overplotted for com-
parison (dotted curves). All the PDFs are normalized such that
each PDF covers an equal probability density underneath. The
dashed lines correspond to the modal values of the marginalized
posterior PDFs. The circle and square with errorbars indicate the
typical values and uncertainties determined by the method (a) and
(b) in Section 5, respectively.
aIn two dimensions, Gaussian densities within 1, 2, and 3σ corre-
spond to 39.3%, 86.5%, and 98.9%, respectively.
tribution with mean velocity 〈v〉 and dispersion σv. The
7Fig. 6.— Mass-to-light ratio of Peg III (red) in comparison with
other nearby galaxies within 1 Mpc. Mass-to-light ratios were cal-
culated from the velocity dispersion, angular-sizes (half-light radii),
heliocentric distances, and absolute magnitudes collected by Mc-
Connachie (2012) for consistency with our estimate for Peg III. For
the objects given “symmetric” uncertainties on the parameters, the
errorbars were determined based on the regular error propagation,
and for the rest based on the upper and lower limits of the param-
eters.
likelihood of the ith measurement vi ± δi is then given
by
Li(vi|〈v〉, σv) = G(vi|〈v〉,
√
σ2v + δ
2
i ), (1)
where G(x|µ, σ) is a Gaussian function of x with the
mean µ and the standard deviation σ. The likelihood for
the available data set D ≡ {vi}Ni=1 is the product of the
individual likelihoods:
L(D|〈v〉, σv) =
∏
i
Li(vi|〈v〉, σv). (2)
Applying Bayes’ theorem leads to
P (〈v〉, σv|D) ∝ L(D|〈v〉, σv)P (〈v〉, σv), (3)
where P (〈v〉, σv|D) is the the posterior probability
and P (〈v〉, σv) ≡ P (〈v〉)P (σv) is the prior. For the
mean velocity, the appropriate prior is a uniform prior
P (〈v〉) = C, for which we have set a finite range be-
tween −200 km s−1 and −245 km s−1 to make it nor-
malizable. In the case of the velocity dispersion, the
appropriate prior is the Jeffreys prior P (σv) ∝ σ−1v (see,
e.g., Drukier et al. 1998, 2007; Koposov et al. 2015b;
Torrealba et al. 2016b), which is “non-informative” for
a scale parameter such as the dispersion σv (see §VII of
Jaynes 1968, for justification). In fact, the choice of the
prior has minimal impact on the posterior probability
once the data are sufficiently constraining with a large
sample size and small measurement errors. Otherwise,
a uniform prior leads to a biased estimate for a scale
parameter (see, e.g., §3.8 of Gregory 2005; Eriksen et
al. 2008). Since the Jeffreys prior P (σv) ∝ σ−1v is also
an improper prior, it requires reasonable bounds to turn
into a proper prior such that the likelihood distribution
is not significantly truncated (see, e.g., §3.3 in Drukier
et al. 2007). We have set a finite interval for the prior
σv ∈ (1, 30) km s−1, where the lower bound is ∼ 1/5
of the typical error on our measurements. We note that
the likelihood for σv ∈ (0, 1) km s−1 is equivalent to only
0.5% of that for σv ∈ (0, 30) km s−1.
The upper panel of Figure 5 shows the resulting pos-
terior probability distribution in two dimensional (2D)
space, which appears asymmetric, spreading out toward
larger velocity dispersions, most likely due to the small
sample size (see, e.g., Figure 2 in Walker et al. 2009).
The lower panels show the corresponding marginalized
PDFs (solid curves) and also the PDFs constructed with
a uniform prior on the velocity dispersion for compari-
son (dotted curves). Noticeably, the uniform prior favors
larger velocity dispersions and displaces the modal value
by +1.2 km s−1. When it comes to determining the
typical values and related uncertainties of the parame-
ters, two different methods are commonly used in the
literature; (a) find the modal values of the marginalised
PDFs and the values that correspond to 61% of the peak
probability for the confidence interval (e.g. Martin et al.
2014) or (b) read the 16, 50, and 84 percentiles of the
marginalized PDFs (e.g. Walker et al. 2015). The results
from each method are: (a) 〈v〉 = −222.9 ± 2.6 km s−1
and σv = 5.4
+3.0
−2.5 km s
−1, and (b) 〈v〉 = −222.8+3.0−2.9 km
s−1 and σv = 6.2+3.7−2.7 km s
−1. We note that the inclusion
of the ambiguous star#3 with v = −193.35± 22.92 km
s−1 in our sample does not make a significant difference
in the results as follows: (a) 〈v〉 = −222.5± 2.6 km s−1
and σv = 5.4
+3.1
−2.4 km s
−1, and (b) 〈v〉 = −222.3+3.1−2.9 km
s−1 and σv = 6.3+3.8−2.8 km s
−1. On the other hand, the
exclusion of star #4 with v = −234.68 ± 3.84 km s−1
from our sample leads to an unresolved solution for the
velocity dispersion, no matter which one of the above
two priors is used. We noticed the same phenomenon
in a test with the member stars for Psc II reported
by Kirby et al. (2015a); removing the star ID10694 with
v = −232.0 ± 1.6 km s−1 causes an unresolved solu-
tion. In an experiment with the kinematic members of
Segue 1 reported by Simon et al. (2011), we found that
such an unresolved solution occurs in ∼ 50% of the cases
when 6 stars are randomly selected out of 32 stars hav-
ing comparable measurement errors (2 < δv < 7 km s
−1)
and Bayesian membership probabilities larger than 90%.
This variation is even larger than the 1−σ uncertainty of
the velocity dispersion and the influence of binary stars
in the sample (∼ 0.5 km s−1, see Figure 6 in Simon et
al. 2011). This result therefore suggests that the un-
resolved solutions are most likely a consequence of the
small sample size. We will adopt the values and uncer-
tainties obtained from method (a) as our final estimates
in Table 1 and throughout the text. It is interesting to
note that the measured systemic velocity for Peg III is
very similar to that found for its neighbouring satellite
Psc II (〈v〉 = −226.5±2.7 km s−1) independently mea-
sured by Kirby et al. (2015a).
Assuming dynamical equilibrium, the mass enclosed
within the half-light radius of a stellar system can be ac-
curately measured by the following equation as demon-
strated by Wolf et al. (2010)
M1/2 ' 4
G
σ2v rh M, (4)
8where σv is the line-of-sight velocity dispersion and
rh is the 2-dimensional projected half-light radius. Ac-
cording to this relation, the mass within the elliptical
half light radius of Peg III is estimated to be M1/2 =
1.4+3.0−1.1× 106 M. The absolute magnitude of Peg III we
derived in Section 3, translates into a total luminosity
of 1960 ± 720 L, which corresponds to a mass-to-light
ratio of M/LV = 1470
+5660
−1240 M/L. This value is con-
sistent with the inverse correlation between luminosity
and mass-to-light ratio for other nearby dwarf galaxies
(see Figure 6).
8. DISCUSSION AND SUMMARY
We have obtained Magellan/IMACS photometry and
Keck/DEIMOS spectroscopy for Peg III. The deep pho-
tometry confirms that Peg III is a faint (MV = −3.4 ±
0.4), elongated ( = 0.38+0.22−0.38), irregular and distant
(d = 215 ± 12 kpc) stellar system. We measured ra-
dial velocities for individual candidate member stars and
identified seven, possibly eight member stars in the sys-
tem based on their radial velocities, where the member
stars could be either red giants or AGB stars (red large
dots in Figure 1). The stellar population of Peg III con-
tains stars with metallicity as low as [Fe/H]=−2.55±0.15
dex. The velocity dispersion of Peg III (σv = 5.4
+3.0
−2.5 km
s−1) significantly exceeds the value expected from its ob-
served stellar mass alone (< 0.3 km s−1; see Table 5 in
Pawlowski et al. 2015), which supports the picture that
Peg III is a satellite dwarf galaxy rather than a star clus-
ter.
Peg III and Psc II are approximately 43 kpc away
from each other in three dimensions (3D) and their ra-
dial velocities in the Galactic standard-of-rest (GSR)
frame differ only by ∼ 10 km s−1 (vGSR = −67.6 ± 2.6
km s−1 for Peg III and vGSR = −79.9 ± 2.7 km s−1
for Psc II). Given that only relatively few distant MW
satellite galaxies are presently known, the close spatial
proximity of Peg III and Psc II, and their very simi-
lar radial velocities, suggest a possible association be-
tween them. We note that another companionship of
two distant MW satellites has been previously identified,
namely the Leo IV - Leo V pair. Despite the difference
in their radial velocities in the GSR frame (∆vGSR ∼ 50
km s−1, Simon & Geha 2007; Belokurov et al. 2008),
their close spatial proximity in 3D (∆dspatial ∼ 22 kpc)
has led to the hypothesis of a possible physical connec-
tion or common origin (e.g. de Jong et al. 2010). Such a
companionship of two satellites, as Walker et al. (2009)
suggested, may imply a rather circular orbit on which
MW tides have a minimum effect. Assuming that the
two satellites are currently a bound pair with an equal
halo mass and follow a circular orbit on their average
Galactocentric distance of ∼ 198± 10 kpc, we have esti-
mated their total halo mass following the method of Evs-
lin (2014). This method estimates the mass of the bi-
nary satellite system on the basis of the Virial theo-
rem using the difference in their line-of-sight velocities
(12.3 ± 3.7 km s−1) and the separation between its con-
stituents (dspatial = 43 ± 19 kpc) in 3D space. The de-
rived mass of a satellite halo is 2.3± 1.7× 109M, which
yields a tidal radius of rt = 16± 4 kpc. The ratio of the
separation to the tidal radius is dspatial/rt = 2.7±1.0. At
face value, the tidal radius is smaller than the separation,
in which case the binding energy of the two satellites is
too low to remain undisrupted in the MW tidal field.
This result, however, does not entirely rule out the pos-
sibility of physical pair as the tidal radius is comparable
to the separation at the 1.7σ level. Information about
their tangential velocities and dark-matter halo profiles,
as well as more accurate measurements for other param-
eters, would provide more constraints on this result.
In both our DECam and IMACS photometry, Peg III
appears irregular and elongated (=0.38+0.22−0.38), at 1-σ
limit, compared to Psc II that only has an upper limit
for its measured ellipticity ( < 0.28; Sand et al. 2012)
with an unconstrained position angle. In fact, a simi-
larity is found with the Leo IV - V pair (see Table 7 in
Sand et al. 2012), where Leo V features larger elliptic-
ity (=0.55± 0.22) with an unconstrained position angle
and lower luminosity (MV = −4.4 ± 0.4) than Leo IV
( < 0.23, MV = −5.5± 0.3). We consider three possible
scenarios for the origin of the ellipticity of Peg III. The
first is that it is simply a result of its formation process.
The second is that it results from tidal interaction with
the Milky Way. Under the assumption that the stars of
Peg III are in dynamic equilibrium this seems unlikely,
given a) the large velocity dispersion implying a substan-
tial mass, b) the compact physical size, c) the elongation
misaligned with the direction toward the Galactic center,
and d) the likelihood that Peg III and Psc II are mov-
ing on similar circular or near circular orbits at large
Galactocentric distances. On the other hand, if the large
velocity dispersion of the Peg III stars reflects a non-
equilibrium state or being inflated by unresolved binary
stars rather than the presence of a large amount of dark
matter, then the system might be a remnant of a dwarf
galaxy tidally disrupted by the Milky Way. This would
require the orbit of Peg III to be significantly eccentric
in order to reach the required smaller Galactocentric dis-
tances. In turn, this would make the spatial and velocity
agreement with Psc II coincidental, which seems highly
unlikely. The third alternative is that the ellipticity of
Peg III results from a tidal interaction with Psc II. To
test these different ideas will require N-body simulations
or full 3D orbit information (i.e. the radial velocities
and proper motions of the objects). Much deeper and
wider imaging or higher resolution spectroscopy with new
forthcoming telescopes such the Wide-Field Infrared Sur-
vey Telescope (WFIRST) and the Giant Magellan Tele-
scope (GMT) may provide crucial keys to these ques-
tions.
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